Abstract: Paclitaxel (Taxol ® ) is one of the most important anticancer agents developed over the last 30 years. Its primary mechanism of action is by interaction with the cellular protein tubulin, causing irreversible polymerization to microtubules. A detailed knowledge of this crucial interaction is thus of paramount importance in the design and development of highly potent analogs and also for the potential development of "non-taxane" tubulin polymerization agents. This review briefly describes the discovery and development of taxol, and then describes our work on delineating the tubulin-binding conformation of paclitaxel by a combination of rotational echo double resonance (REDOR) NMR and molecular modeling. The resulting "T-taxol" conformation was validated by the synthesis of conformationally constrained paclitaxel analogs, which had bioactivities up to 20-fold higher than those of paclitaxel. The review concludes with recent work on the development of a gold nanoparticle derivative of paclitaxel. This delivery method has the potential to lower the dosage of paclitaxel needed while maintaining or increasing its effectiveness, thus significantly improving the benefits of this important chemotherapeutic agent.
INTRODUCTION
The discovery of the anticancer diterpenoid taxol (now known as paclitaxel)** marked a new phase in the development of cytotoxic cancer chemotherapeutics, since it ushered in a new mechanism for cell death and provided one of the most effective anticancer drugs of the last half-century. The story of paclitaxel's discovery and development has been told many times [1, 2] , and so it will only be summarized briefly here. The original collection of bark from the western yew, Taxus brevifolia, was made in 1962, and the structure of paclitaxel (1) was published by Wall and Wani in 1971; a key part of the structure elucidation was the X-ray crystallographic work by Andrew McPhail at Duke University [3] . The final structure revealed paclitaxel to consist of a phenyl isoserine side chain linked to the C-13 position of the known compound baccatin III.
The initial report on paclitaxel's structure and activity was met with underwhelming enthusiasm, primarily because of the obvious problems of compound supply and solubility. Fortunately, scientists at the National Cancer Institute (NCI) continued to investigate the promising lead, and in the mid-1970s found that it was active against solid tumors, including some human tumor xenografts in nude mice.
This led to the decision by the NCI in 1977 to begin preclinical development of paclitaxel, a decision supported by observation of strong activity against the MX-1 mammary and CX-1 colon xenograft models of human solid tumors.
A major breakthrough in paclitaxel's development came in 1979 with the report of its unprecedented activity as a tubulin polymerization agent. Although several compounds, including the clinically used agents vinblastine and vincristine (2 and 3), were known to prevent the polymerization of tubulin to functional microtubules, paclitaxel was the first compound known to promote this transformation. This discovery was crucial in raising interest in paclitaxel as a potential drug, and led indirectly to its eventual approval by the U.S. Food and Drug Administration for treatment of ovarian cancer in December 1992 and later for treatment of metastatic breast cancer in 1994; it was initially marketed as Taxol ® by Bristol-Myers Squibb under an Orphan Drug designation, but is now a generic drug. The work leading to the clinical approval of paclitaxel has been summarized by Suffness [4] , who was one of the key supporters of its development within the NCI.
Since the introduction of paclitaxel, two additional compounds have been introduced into clinical use. Docetaxel (4) was introduced by Rhone-Poulenc (now Sanofi-Aventis) as a semisynthetic analog of paclitaxel in 1994, and cabazitaxel (5) was introduced in 2010, also by Sanofi-Aventis, for the treatment of hormone-refractory metastatic prostate cancer. Several other paclitaxel analogs and prodrugs are also in clinical trials, and it is probable that additional analogs will be approved for clinical use in the future [5] . chromosomes, and in the G 2 phase microtubules are formed from the protein tubulin. The microtubules are key to the mitotic phase, in which the chromosomes of the two daughter cells are separated to form part of the nuclei of the new cells.
Microtubules are hollow tubes assembled dynamically from the proteins α-and β-tubulin, together with various microtubule-associated proteins (MAPs). The normal process of microtubule assembly is reversible, proceeding through α,β-dimers and oligomers to a fully assembled microtubule with 13 protofilaments and a diameter of 24 nm (Fig. 1a) . The reversibility of microtubule assembly and disassembly is a key factor in the function of physically moving the chromosomes to form the nuclei of two daughter cells, since the resulting microtubules can grow and shrink and move within the cell.
In the presence of paclitaxel this reversible assembly is disrupted. Paclitaxel binds to the assembled microtubule in an approximate ratio of one molecule of paclitaxel per tubulin dimer [6] , and induces the formation of stable but abnormal microtubules with 12 instead of 13 protofilaments (Fig. 1b) . This disruption of the equilibrium leads to cell dysfunction and cell death by apoptosis [7] . The binding of paclitaxel to tubulin in microtubules is thus the key mechanism of its action as an anticancer agent.
The paclitaxel-tubulin interaction
Because of the importance of the binding of paclitaxel to tubulin, many scientists have studied it in various ways. Since tubulin cannot be crystallized, a direct X-ray study is not possible, but information on the position of binding was initially obtained by photoaffinity labeling. These studies showed that paclitaxel binds to β-tubulin, with labeling occurring at the N-terminal 31 amino acids [8] , amino acid residues 217-231 [9] , or at the Arg 282 position [10] , depending on the photoaffinity analog used. These studies were confirmed and extended by important electron crystallography studies on zinc sheets of tubulin, which were ultimately carried out at a resolution of 3.5 Å [11] . These studies confirmed the location of the paclitaxel-binding region on β-tubulin in the microtubule, but were not able to reveal any information on the conformation of paclitaxel in the binding site.
The tubulin-binding conformation of paclitaxel
A knowledge of the binding conformation of paclitaxel on the assembled microtubule is of great interest, because it could in principle lead to the design of constrained analogs with this conformation built in, thus reducing the entropic cost of freezing out many of the rotational degrees of freedom inherent in the side chains of paclitaxel. It could also in principle lead to the design of simplified analogs of paclitaxel which had the correct shape for binding to and stabilizing microtubules.
Several proposals for the tubulin-binding conformation of paclitaxel have been made over the past 15 years. Two early proposals were based on nuclear Overhauser enhancement spectroscopy (NOESY) NMR studies of paclitaxel in solution; studies in chloroform gave rise to a "nonpolar" conformation [12] [13] [14] , while studies in aqueous dimethyl sulfoxide (DMSO) indicated a "polar" conformation [15, 16] . A later study discovered several possible conformations of paclitaxel in chloroform by the use of the NMR analysis of molecular flexibility in solution (NAMFIS) method, and among these was the previously undetected T-taxol conformation [17] . Examples of these conformations are shown in Fig. 2 .
All of these conformations were based on NMR studies in solution, whereas the conformation desired is that of paclitaxel on the solid microtubule polymer. Fortunately, the relatively new technique of rotational echo double resonance (REDOR) NMR was developed for just such a situation. REDOR NMR is a spectroscopic technique for solids spinning at the magic angle, so it can be used for ligand- bound microtubules. It provides a direct measurement of heteronuclear dipolar coupling between pairs of labeled nuclei, and distances of up to 12 Å can be determined with 0.5 Å accuracy [18] .
Synthesis of labeled paclitaxels and evaluation by REDOR NMR
REDOR NMR requires the use of isotopically labeled compounds, so that the signals from the ligand can be distinguished reliably from the signals due to the protein. In the case of paclitaxel, where the distances between the C-13 side chain and the tetracyclic ring system were of the greatest interest, this involved the synthesis of both labeled side chains and labeled ring systems. The labeled side chain was prepared as its β-lactam precursor, allowing the use of the Holton-Ojima method [19] for coupling to protected baccatin III (Scheme 1).
The available starting material 10-deacetylbaccatin III was then converted to 4-deacetyl-4-(2,2,2-trideuteroacetyl)-2-debenzoyl-2-(4-fluorobenzoyl)-baccatin III by the process shown in Scheme 2; the first two steps followed a literature procedure [20] . Finally, the β-lactam was coupled with the labeled baccatin III and the resulting product deprotected to give the labeled paclitaxel 7. The labeled paclitaxels 6 and 8 were prepared by similar procedures.
This determination of the T-taxol conformation revealed a unique opportunity to test the validity of the assignment to an experimental test. This is an important consideration, because the electron diffraction structure of tubulin was obtained on zinc sheets [11] , not on microtubules, and the possibility always existed that the structure of the protein in microtubules differed significantly from its structure on zinc sheets. 
Synthesis and biological evaluation of bridged paclitaxels
Inspection of the T-taxol conformation from a different perspective (Fig. 4) shows that the C4-OAc group and the C3'-phenyl ring are in reasonably close proximity. This immediately led to the design and synthesis of analogs of paclitaxel with bridging links between these two groups. After an initial false start in which the bridging linkage was attached to the meta-position of the phenyl ring [22] , success was achieved with bridging linkages from the ortho -position of the phenyl ring to the C4-OAc group. A summary of the synthetic scheme used for one of these is shown in Scheme 3; the β-lactam 9 was prepared by a modification of the method of Scheme 1, and the baccatin III derivative 10 was prepared by a modification of the method of Scheme 2. The final macrocyclic ring closure was brought about by the well-established Grubbs' methathesis reaction. The final products were designated britaxels (for bridged paclitaxels), with the suffix designating the bridge length. Several other britaxels were prepared, and three other representative ones are shown in Fig. 5 Constrained and targeted paclitaxels 1461 The biological activities of the britaxels were gratifyingly consistent with the conclusions from the REDOR data (Table 2) . Britaxel-5 (12), in particular, was significantly more potent than paclitaxel in the 1A9 ovarian cancer cell line, with an IC 50 value approximately 15-fold lower than that of the natural product. Even more significant, britaxel-5 was over 100-fold more potent than paclitaxel in the paclitaxel-resistant cell line 1A9-PTX10 [24] . These data demonstrate the T-taxol conformation as the major tubulin-binding conformation of paclitaxel, and also validate the hypothesis that the paclitaxel binding sites are very similar in zinc sheets of tubulin and in microtubules. 
Synthesis of bridged paclitaxel analogs
The validation of the T-taxol conformation then led naturally to the question of whether the bridging concept could be extended to increase the bioactivity of related compounds. In at least one case the answer was a resounding yes. The A-norpaclitaxel 16 was inactive against the A2780 ovarian cancer cell line, although it did retain some weak tubulin-assembly activity [25] . The bridged analog 17, on the other hand, while less active than paclitaxel, did retain significant antiproliferative activity, and was actually superior to paclitaxel in its promotion of tubulin polymerization [26] .
Attempts to design highly bioactive compounds that are greatly simplified analogs of paclitaxel using the T-taxol conformation as a guide have so far been only partially successful. Thus, both the derivatives 18 [27] and 19 [28] had some antiproliferative activity, but both were significantly less active than paclitaxel. The synthesis of analogs with modified structures that can mimic the T-taxol conformation and have similar bioactivities to those of paclitaxel has yet to be achieved.
NANOPARTICLE-BASED DRUG DELIVERY OF PACLITAXEL
Classic cancer chemotherapy involves intravenous or oral administration of powerful cytotoxic drugs, resulting in severe side effects in many cases because the drug has little or no selectivity for cancer cells as opposed to normal cells. This problem can in principle be alleviated by the development of new drugs targeting specific enzymes, as for example with Gleevec [29] , but this approach is very challenging, and success is likely to be limited to specific cancers, at least for the foreseeable future.
An alternative approach that can in principle lead to more rapid development of drugs with lower side effects is to develop specific targeted delivery methods for known and effective drugs such as paclitaxel, and this is the approach we have adopted. There are several good drug delivery strategies [30] , including polymer-based nanoparticles [31] and gold nanoparticles; the latter having been used to construct delivery vehicles for oxaliplatin [32] and paclitaxel [33] . Nanoparticles are attractive drug-delivery vehicles because of the enhanced permeability and retention (EPR) effect, by which nanoparticles accumulate more rapidly in tumor tissues than in normal tissues. This effect is believed to be due to the fact that the tumor neovasculature is formed quickly to provide increased blood supply to the growing tumor, and as such is ill-formed and "leaky". These leaky blood vessels coupled with a late-forming lymphatic system result in a net flow of fluids into the tumor which ultimately establishes a pressure gradient within the tumor. This pressure gradient, known as the interstitial fluid pressure gradient, acts as a physical barrier that limits the effective penetration of systemically administered chemotherapies within the tumor.
Our approach to the problem of delivering paclitaxel to tumors takes advantage of the EPR effect, but it complements this by adding tumor necrosis factor α (TNF) to the nanoparticle. TNF is a cytokine protein that is a critical component of the inflammatory immune cascade and also induces apoptotic cell death. In addition, TNF is a vascular disrupting agent, potentially breaking down tumor interstitial fluid pressure gradients, which might enhance the antitumor activity of subsequently administered chemotherapies.
However, TNF is too toxic to be administered systemically, although it has been used successfully in Europe in combination with melphalan for the treatment of bulky melanoma metastases and soft tissue sarcomas by the isolated limb perfusion technique [34] . TNF enhances tumor-selective drug uptake by inducing progressive vascular disruption within the tumor. A recent review [35] states "It now appears that treatment regimens that can limit the systemic destructive effects of TNF-alpha offer a viable therapeutic window to utilize TNF-alpha in patients." Our approach to achieving this goal was to mimic the regional perfusion paradigm described above by linking TNF and paclitaxel to the surface of the same colloidal gold nanoparticle.
The use of colloidal gold as a drug delivery vehicle for TNF has been reviewed, so this subject does not need to be discussed in depth [36] . The final nanoparticle construct is shown in Fig. 6 . The central gold nanoparticle, approximately 27 nm in size, is formed by the classic Faraday technique of reducing a solution of gold chloride. The resulting nanoparticles are simultaneously derivatized with TNF, a paclitaxel derivative, and polyethylene glycol thiol (PEG-thiol), which reduces the probability of them being taken up by the mononuclear phagocytic system. This creates the final drug product [37] . Binding paclitaxel to gold nanoparticles requires that it be thiolated to allow formation of the strong, dative covalent gold-sulfur bond. Various paclitaxel analogs were prepared, and derivatives 20 and 21 were found to perform well, releasing paclitaxel from the nanoparticle at different rates.
Although compounds 20 and 21 generate paclitaxel at different rates, we observed that once bound to gold the spontaneous rate of conversion of both analogs was reduced. We view such an effect as a benefit of the nanodrug as our preclinical data show only marginal release of the compounds in the circulation. Moreover, we observed that the nanoparticle drug sequestered significantly more drug within solid tumors when compared to native paclitaxel. Upon its arrival within the tumor we noted progressive generation of active drug over time.
The final validation of the efficacy of the nanoparticle delivery method was provided by an experiment with C57BL/6 mice bearing B16/F10 melanomas. For these studies, 1X105 B16/F10 tumor cells were implanted subcutaneously into female mice and allowed to grow until palpable tumors were detected. Animals presenting with tumors measuring 0.5 cm 3 were intravenously injected with either saline, native paclitaxel, or the gold nanoparticle construct. The animals were treated on days 0, 3, 5 and 7 of the study while tumor measurements were made before each treatment and on day 9 of the study.
Gold nanoparticles loaded with compound 20, PEG-thiol, and TNF were used to treat tumor-burdened mice at a paclitaxel dose of 2.5 mg/Kg. In addition to untreated controls, paclitaxel at 40 and at 2.5 mg/Kg was used as a positive control. Paclitaxel at 2.5 mg/Kg was only marginally effective at reducing tumor volume as compared with untreated animals, but paclitaxel at 40 mg/Kg reduced tumor volume to approximately 28 % of that in the control group after nine days. The nanoparticle drug construct at 2.5 mg/Kg was almost as effective as paclitaxel at 40 mg/Kg, reducing tumor volume to approximately 32 % of that of the control group after nine days.
In summary, gold nanoparticles loaded with PEG-thiol, TNF, and compound 20 represent a novel nanotherapy that delivers two active pharmaceutical ingredients, TNF and paclitaxel, to solid tumors to produce a potent antitumor effect. The nanoparticles prevent the conversion to paclitaxel in the circulation, increasing the circulatory half-life of paclitaxel when compared to compound 20 and paclitaxel. Additionally, a combination of the passive EPR effect and the active binding of TNF to the tumor neovasculature actively sequesters the nanotherapy in solid tumors before it is subsequently converted to the active chemotherapy agent, paclitaxel. Thus, the gold nanoparticle drug construct represents an ideal nanomedicine capable of active tumor targeting, slowly releasing the active chemotherapy only at the site of disease.
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